Introduction: Inotuzumab ozogamicin (InO) is an antibody-drug conjugate composed of a recombinant, humanized immunoglobulin type G, subtype 4 (IgG4) antibody covalently bound to a semisynthetic derivative of calicheamicin via an acid-labile linker. It was developed for the treatment of relapsed or refractory non-Hodgkin lymphoma (NHL) and acute lymphoblastic leukemia (ALL). Based on the perceived relatively low immunogenicity risk for this product, a standard approach to immunogenicity testing was utilized during the clinical studies. This manuscript describes the analytical aspects of antibody measurement and highlights the immunogenicity data from clinical studies in patients with hematologic malignancies. Methods: Anti-drug antibodies (ADAs) were determined using an enzyme-linked immunosorbent assay for patients with NHL and a bridging electrochemiluminescence assay for patients with ALL. ALL patients who tested positive for ADA were also tested for neutralizing antibodies (pivotal studies only) using a cell-based assay. Results: Immunogenicity assays were validated per current industry practice and regulatory guidelines. Positive ADAs were observed in 7 of 164 (4%) patients with ALL during the pivotal trial. Neutralizing antibodies were not detected in any patients with positive ADAs. No ADAs were detected during the phase I/II ALL study. In NHL studies, antibodies to InO were observed in 27 of 630 (4%) patients. InO clearance was similar between ADA-positive and ADA-negative ALL patients. Conclusion: Standard immunogenicity strategy provided data to evaluate impact on InO efficacy, pharmacokinetics, or other clinical parameters in patients. The incidence of ADA to InO is low and is not clinically meaningful.
Background
A common concern with protein-based therapeutics is induction of an immunogenicity response, which is commonly evaluated by detection of anti-drug antibodies (ADAs). The assessment of ADA development is therefore an important aspect of the drug development process and is particularly relevant during evaluation of drug safety and efficacy in early-phase clinical trials. The successful evaluation of immunogenicity and potential clinical sequelae is dependent on the access to appropriate methods of detection and characterization of the biotherapeutic specific antibodies.
Antibody-drug conjugates (ADCs) comprise a class of biotherapeutics that combines the targeted delivery capability of a monoclonal antibody (mAb) with a cytotoxic agent (Alley et al., 2010; Teicher & Chari, 2011) and therefore require the evaluation of immunogenicity in clinical protocols. Inotuzumab ozogamicin (InO; CMC-544; BESPONSA®, Pfizer) is an ADC composed of a recombinant, humanized anti-CD22 monoclonal immunoglobulin G4 (IgG4) antibody (G544) covalently bound to a semisynthetic derivative of calicheamicin (Nacetyl-γ-calicheamicin dimethyl hydrazide [DMH] ) via an acid-labile 4-(4′-acetylphenoxy) butanoic acid linker (Fig. 1) . The payload of InO, N-acetyl-γ-calicheamicin DMH, is a DNA minor groove−binding cytotoxic natural product that induces double-strand DNA breakage (Zein et al., 1988; Shor et al., 2015) . The anticancer activity of InO is based on the binding of the ADC to CD22-expressing cells followed by internalization of the ADC-CD22 complex and the intracellular release of N-acetyl-γ-calicheamicin DMH via hydrolytic cleavage. Binding of N-acetyl-γ-calicheamicin DMH to DNA induces disruption of double-strand DNA, resulting in cell cycle arrest and apoptotic death of the cells (Shor et al., 2015) .
Over the course of InO drug development, 2 studies-a pivotal phase 3 study and a phase 1/2 study-were conducted with single-agent InO in patients with relapsed or refractory B-cell acute lymphoblastic leukemia (ALL) (Kantarjian et al., 2016; DeAngelo et al., 2017) . Multiple studies were conducted with InO in patients with relapsed or refractory non-Hodgkin lymphoma (NHL) with single-agent InO (Advani et al., 2010) , with InO in combination with rituximab (Fayad et al., 2013) , and with InO in combination with rituximab and chemotherapy (Ogura et al., 2016) .
Our integrated approach to measure the immunogenicity of InO consisted of an assessment of pertinent factors affecting the immunogenicity risk coupled with crafting a robust bioanalytical strategy to assess the critical aspects of potential clinical significance. Product-related factors, patient-related factors, and treatment-related factors, which may contribute to the immunogenicity risk profile of a biotherapeutic (Koren et al., 2002) , were thoughtfully evaluated during the development cycle of InO ADC. InO is composed of 100% human constant regions in both heavy and light chains of the antibody, and 100% human framework regions of the variable domains in both heavy and light chains of the antibody. The point mutation (S229P) in the hinge region, intended to stabilize covalent dimerization of the heavy chains, has been included in the sequence of other monoclonal antibody-calicheamicin conjugates, including the formerly licensed product gemtuzumab ozogamicin (MYLOTARG™, Pfizer). Therefore, based on its high level of sequence homology to other human immunoglobulins, the sequence of the antibody moiety of InO is not expected to confer increased risk of immunogenicity relative to other monoclonal antibody therapeutics. The calicheamicin moiety of InO contains carbohydrate structures that may react with IgM anticarbohydrate antibodies present in some patients. Thus, some patients may have pre-existing antibodies reactive with InO. The biochemical and biophysical characterization of manufacturing batches demonstrated a low level of species such as aggregates, degraded forms, and impurities which are thought to contribute to the immunogenicity of administered proteins. Because of the intravenous administration of InO, the limited duration of administration, and the immunosuppressive effect of the combined therapy in NHL studies, the potential for induction of immune responses to InO was considered to be low. The potential for anti-InO antibodies, should they develop, to cause serious clinical consequences has also been assessed throughout the clinical studies. Because InO is a monoclonal ADC with no endogenous counterpart, any pre-existing antibodies or antibodies that develop may affect the anti-tumor effect of InO; however, the only potential safety consequences are likely to be antibody-mediated hypersensitivity responses, which occur rarely in patients treated with biopharmaceutical products.
Based on the perceived relatively low immunogenicity risk for this product, a standard approach to immunogenicity testing was utilized during the clinical studies. Immunogenicity response to InO was measured using two separate bridging platforms in NHL and ALL studies. During early NHL studies, immunogenicity response was measured using an enzyme-linked immunosorbent assay (ELISA) platform, which was considered a gold standard at the time, for the detection of anti-InO or anti-rituximab antibodies. Independent anti-InO and anti-rituximab ELISA methods were developed and validated as per the scientific experience and best practices of laboratories where assays were developed. In the recent ALL studies, a Meso Scale Discovery (MSD) based bridging electrochemiluminescence (ECL) assay was developed and validated as per the regulatory expectations and current industry white papers (Center for Drug Evaluation and Research, US Food and Drug Administration, 2009; Committee for Medicinal Products for Human Use, 2007; Hoofring et al., 2013; Jani et al., 2015; Shankar et al., 2008) . Similar bridging assay platforms have successfully been used for other approved ADCs (Carrasco-Triguero et al., 2013) . The antibody response was also characterized to determine the specificity for binding to the G544 antibody or calicheamicin moieties of InO. Antibody response to InO was characterized for the domain specificity as well as the neutralizing activity (neutralizing assay was performed only for ALL pivotal studies). Here, the technical aspects of ADA measurement are described, and the immunogenicity data from the clinical studies in patients with hematologic malignancies are reported. To our knowledge, this is the first publication describing a cell-based neutralizing antibody assay to support the approval of a therapeutic ADC.
Methods

Study drug and sample population
Inotuzumab ozogamicin anti-CD22 antibody G544 conjugated with calicheamicin was generated at Pfizer Inc. Rituximab was purchased from Myoderm Medical Supply (Norristown, PA), and biotinylated rituximab was prepared in assay buffer at Pfizer. InO was studied in patients with relapsed or refractory NHL (9 studies) (Advani et al., 2010; Fayad et al., 2013; Ogura et al., 2016) or ALL (2 studies) (Kantarjian et al., 2016; DeAngelo et al., 2017) . The sample collection schedules for ADAs are described in Table 1 .
Electrochemiluminescence-based binding antibody assay in support of acute lymphoblastic leukemia studies
The MSD platform−based bridging ECL assay was developed to detect and titer immunoglobulins present in serum that specifically bind to InO. For ALL clinical studies, determination of anti-InO antibodies consisted of 4 sequential steps: (1) screening, (2) confirmation, (3) titer determination, and (4) antibody specificity characterization (to determine specifity for G544 and calicheamicin-BSA). The basic assay procedure, as diagrammed in Fig. 2 , was the same for all assays.
Critical reagents
Inotuzumab ozogamicin was conjugated with ruthenium (II) trisbipyridine, N-hydroxysuccinimide ester (TAG; MSD, Gaithersburg, MD) at a 20:1 ratio or with biotin at a 15:1 ratio according to the manufacturer's instructions. Rabbit (Rb) anti-G544 and anti-calicheamicin polyclonal antibodies were used as positive controls (PCs). For the screening assay, high and low PCs were prepared using Rb anti-G544 serum at 1:75 and 1:750 dilutions, respectively, in the assay matrix. Affinity purified antibodies were used for sensitivity testing during validation. For the confirmatory assay, 2 PCs (Rb anti-G544 and Rb anti-calicheamicin) were used. For cut point determinations, 50 samples of ALL human serum were procured from BioreclamationIVT (Westbury, NY) and stored at − 70°C until analysis. Pooled normal human serum was used as the negative control (NC).
Assay performance validation parameters
Assay validation included assessment of the following parameters: (1) assay cut points (screening, confirmation, and characterization); (2) precision (intra-and interassay); (3) specificity (screening and confirmation assay); (4) sensitivity; (5) selectivity and matrix interference; (6) (Shankar et al. 2008) . The screening and confirmatory assay cut points were statistically determined based on the current industry white papers (Jani et al., 2015; Shankar et al., 2008) . A screening cut point was derived from 50 treatment-naive ALL patients (BioreclamationIVT) by targeting a 5% false-positive rate to minimize potential false-negatives. The assay cut point was derived from the 95th percentile of the log-transformed normalized relative light unit (RLU) values from each plate after removal of statistical outliers (Shankar et al., 2008) . For the confirmatory assay, confirmatory cut point was calculated by testing serum samples from 50 treatment-naive patients with ALL (BioreclamationIVT). The serum samples were incubated with an excess amount of InO before analysis in a competitive binding format (Jani et al., 2015) . For each sample, the percentage inhibition values in the confirmatory assay were calculated. The confirmatory assay cut point was derived from the 99th percentile of the log-transformed normalized RLU values from each plate. Likewise, characterization cut points were calculated for the G544 and calicheamicin portions of the molecule.
The assay was evaluated for inter-day and intra-day precision based on coefficient of variation (%CV) with target acceptance of PC endpoint titers (log 10 ) from each set of PC (intra-run), and all runs (inter-run) are less than 25.0%. In the drug interference test, the concentration of InO that inhibits the ability to detect PCs was assessed. The drug interference test was performed using anti-G544 at high PC (1:75) and low PC (1:750) concentrations and InO at 0, 1, 5, 10, 20, and 50 μg/mL. The highest concentration of InO for which the PC still appeared positive or greater than the plate cut point for each PC was identified. Mass-based assay sensitivity is the concentration of anti-InO antibodies in human serum that will result in a signal equal to the plate cut point. Sensitivity was performed using affinity-purified anti-G544 antibodies and was reported from 3 independent titrations. The assay sensitivity was calculated by the following formula:
Assay selectivity was measured by calculating PC recovery, which is the ability of an analytic method to differentiate and quantify the analyte in the presence of other components in the sample. The assay recovery was performed by analyzing NC, buffer, and 10 individual lots of ALL diseased human serum samples spiked with and without high and low PC1 anti-G544 serum antibodies. The matrix selectivity was also assessed by analyzing NC, buffer, and 10 individual lots of ALL diseased human serum samples spiked with and without high and low PC2 anti-calicheamicin antibodies. Stability of PCs and labeled reagents was assessed using the standard criteria of room temperature, − 20°C, and − 70°C storage and 5 freeze/ thaw cycles; additionally, samples were compared with freshly prepared reagents.
Screening assay
Samples and controls were diluted 1:100 and mixed with an equal volume of a solution containing an equal concentration of ruthenylated (Sulfo-TAGGED) and biotinylated InO labels. Antibodies against InO were detected because they bridge biotinylated InO (the capture reagent) to ruthenylated InO (the reporter). The samples and controls were tested in duplicate and dispensed into an avidincoated assay plate (Avidin HB; MSD), where biotinylated InO in the complex bound to the avidin-coated wells. Samples that contained ADAs generated an ECL signal in the presence of a tripropylamine-containing buffer. The signal generated on the plate reader (MSD Sector Imager 6000) was reported as RLU and was proportional to the amount of ADA present. Samples were classified as screened-positive if the average sample signal was greater than or equal to the calculated screening assay cut point. Cut point determination is described within the assay validation section.
Confirmatory assay
Samples that tested positive in the screening assay were further evaluated in a confirmatory assay, which used excess unlabeled drug in a competitive binding format to demonstrate the specificity of the binding interactions in the antibody-labeled drug complex. All samples were incubated with and without excess InO diluted in serum containing buffer, and the mixture was added to a microtiter plate. The remainder of the confirmatory assay procedure was the same as for the screening assay. For a sample to be confirmed as positive and specific, it had to demonstrate sufficient reduction in signal (percentage inhibition) upon addition of excess drug using the following calculation after average signal from the duplicate was calculated:
The samples were deemed positive and specific if the percentage inhibition was greater than or equal to the statistically derived confirmatory assay cut point. Samples that were confirmed as positive and specific were further evaluated in titer and domain specificity characterization assays. In this assay, excess drug concentration of 10 μg/mL was selected after testing the range from 0 to 100 μg/mL spiked in PC and NC.
Titer assay
A titer was assessed for samples that were confirmed as being positive and specific. The samples were serially diluted 3-fold in pooled normal human serum. The remainder of the assay procedure was the same as the screening assay. A sample's titer was determined using the statistically derived screening assay cut point factor and the mean values of the NC signals in the assay/plate; a titer was defined as the log 10 of the reciprocal of the interpolated dilution at which the sample signal was equal to the cut point. The endpoint titer was calculated using a validated Life Information Management Systems system (ThermoFisher Scientific Watson version 7.4.1 software with Immune Response Module). Briefly, titer values for samples are derived from a plot of assay signal (RLU) versus reciprocal of dilution (RD) that is not visible to the user in the software. To derive endpoint titer, an interpolated value option of software was selected. The software identifies the points immediately before and after the cut point, assuming a straight line between them. The endpoint titer is then derived based on the following equation:
Domain specificity characterization assay
The characterization assay was similar to the confirmation assay, where the samples were incubated with a competitor. In the characterization assay, the competitors were G544 and calicheamicin-BSA. For a sample to be specific for a particular competitor, there had to be reduction in signal (percentage inhibition cut point) upon addition of that competitor.
Cell proliferation neutralizing antibody assay in support of acute lymphoblastic leukemia studies Critical reagents Pooled normal human serum was used as the NC. The Rb anti-G544 polyclonal antibody was spiked in the NC at a 1:250 dilution to be used as a PC. PC working stock solution was prepared in bulk, aliquoted, and stored at − 70°C. RS4;11, a B-lymphoblastic cell line (ATCC® CRL-1873™) was obtained from ATCC (Manassas, VA) and maintained over time according to the vendor's instructions. The culture medium RPMI-1640 (Roswell Park Memorial Institute 1640-Gibco), supplemented with fetal bovine serum (ATCC 30-2020) to a final concentration of 10%, was used to maintain the cells at a density ranging from 1 × 10 5 to 1 × 10 6 viable cells/mL at 5% C0 2 in a 37°C cell culture incubator.
Assay performance validation parameters
Assay validation included assessment of the following parameters: (1) assay cut point; (2) precision (intra-assay and inter-assay); (3) sensitivity; (4) selectivity and matrix interference; (5) drug tolerance; and (6) stability (cell passage numbers, freeze/thaw, ambient, and refrigerated).
Assay cut point determination
Normality of population distribution was evaluated before and after outlier exclusions using JMP® Statistical Discovery Software, version 10.0 (SAS Institute Inc., Cary, NC) for screening analysis. Assay cut point determination is described above. The individual samples from the treatment-naive ALL diseased human serum population (n = 50) were each analyzed at a minimum of 3 independent runs for screening for ≥ 2 days with ≥ 2 analysts. A cut point factor was calculated by dividing the plate cut point by the mean response of NC for each plate and averaging each plate cut point factor. Normality of population distribution was evaluated before and after outlier exclusions using JMP Statistical Discovery Software, version 10.0 (SAS Institute Inc.) for screening analysis.
Assay performance parameters
Similar to the binding antibody assay, the assay was validated using standard bioanalytical parameters and target acceptance criteria in addition to cut point determination. Precision of the method was expressed as %CV from analyzing replicates of PCs. The assay was considered precise if the %CV of PC endpoint log 10 titer from each set of PCs (intra-assay) and all accepted applicable runs (inter-assay) were < 30%. In the drug interference test, the concentration of InO that inhibited the assay detection of PCs was assessed. PC1 1:250 was preincubated in the presence of InO at different concentrations (0, 0.063, 0.125, 0.25, 0.5, 1, 2, and 4 μg/mL) before minimum required dilution (MRD). The highest concentration of InO at which the PC remained positive was identified. Selectivity was evaluated using the recovery method. The assay recovery was performed by analyzing NC, assay buffer, and 12 individual lots of ALL human serum spiked with and without high positive control (PC1 1:250). Assay sensitivity, measured using affinitypurified Rb anti-G544 PC (surrogate antibody for neutralizing anti-InO antibody), was the concentration that will result in a signal that is equal to the plate cut point. This was determined from 3 independent runs conducted by 2 separate analysts that use affinity-purified anti-G544 antibodies with a known concentration.
Stability was tested for cell passage numbers and standard parameters using PCs. Cell passage stability was evaluated with 2 independent runs; each run included 2 passages of cells with the same NC and PC preparations on the same plate, 1 passage ≤ 10 (passages 9 and 10) and the other ≥ 20 (passages 21 and 22). Stability of PCs was tested at various temperatures. Room temperature stability of Rb anti-G544 antibody (PC1 1:250) in human serum was used as the surrogate to evaluate neutralizing anti-InO antibody stability for the time that the samples were at room temperature during handling and processing. PC1 1:250 aliquots were thawed, kept at room temperature for 21 h, and then stored at − 70°C until the day of analysis. Samples were analyzed together with an aliquot of the PC1 1:250 thawed immediately before analysis (0-h control). The stability of Rb anti-G544 antibody (PC1 1:250) in human serum was used as the surrogate to evaluate anti-InO antibody stability in the matrix after 5 freeze/thaw cycles. Individual PC1 1:250 samples were frozen at − 70°C (minimum of 24 h for the first cycle; minimum of 12 h for subsequent cycles) and thawed unassisted at room temperature for ≥ 1 h between frozen periods. Samples were analyzed after completion of the fifth cycle together with an aliquot of the PC1 1:250 that was thawed before analysis (1 freeze/thaw cycle). Individual PC1 1:250 samples were frozen at − 20°C (minimum of 24 h for the first cycle; minimum of 12 h for subsequent cycles) and thawed unassisted at room temperature for ≥ 1 h between frozen periods. Samples were analyzed after completion of the fifth cycle together with an aliquot of the PC1 1:250 that was thawed before analysis (1 freeze/thaw cycle).
Cell proliferation assay method
A cell-based assay was used to determine neutralizing anti-InO antibodies in the human serum samples. In this assay, RS4;11 at 1 × 10 4 cells/well per 80 μL medium was incubated with 100 μg/mL InO and NC/PC samples in a sterile 96-well cell culture plate for 24 ± 1 h in a 37°C, 5% CO 2 cell culture incubator. During incubation, ADAs that could neutralize the drug activity protected the cells by preventing cell death resulting in increased cell viability. After incubation, the cells were lysed using CellTiter-Glo® Luminescent Cell Viability kit (Promega, Madison, WI), and the luminescence was recorded with a SpectraMax L microplate reader (Molecular Devices, Sunnyvale, CA). CellTiter-Glo kit determines the number of viable cells based on the quantitation of adenosine triphosphate, which signals the presence of metabolically active cells. Therefore, the response generated from the microplate reader corresponds to the number of viable cells in the culture. Neutralizing anti-InO antibodies can be determined based on the signals generated from the viable cells, which are directly proportional to the number of neutralizing anti-InO antibodies present in the sample. The antibody endpoint titer is calculated with Watson 7.4.1 Immune Response Module (Thermo Fisher Scientific, Waltham, MA), and the data are presented as endpoint log titers (log 10 ; endpoint titer is defined as the reciprocal of the serum dilution at which the sample response would be equal to the cut point of the assay). The basic assay procedure is diagrammed in Fig. 3 .
Enzyme-linked immunosorbent assay−based anti− inotuzumab ozogamicin antibody assay in support of non-Hodgkin lymphoma studies An ELISA-based bridging assay was developed to detect and titer immunoglobulins present in serum that specifically bind to the drug. For NHL clinical studies, determination of the presence of ADAs against InO followed a sequential process that included (1) screening and (2) concurrent titer determination and specificity to confirm positive screen assay results.
Critical reagents
Inotuzumab ozogamicin, biotinylated InO, Rb anti-G544 antiserum, and Rb anti-calicheamicin antiserum were provided by Pfizer Inc. Rb anti-G544 and anticalicheamicin polyclonal antibodies (diluted in human serum) were used as PCs. Rb anti-G544 PC was tested in a full dilution series from 1:25 to 1:1:54,675 using 3-fold serial dilutions. Rb anti-calicheamicin PC was tested at 1:25 and 1:75 dilutions. For cut point assessment, 30 samples of normal human serum and 20 samples from patients with NHL were procured commercially and stored at − 70°C until analysis.
Assay validation parameters
Assay validation included assessment of the following parameters: (1) cut point determination, (2) precision (intra-assay and inter-assay), (3) specificity, (4) sensitivity, (5) linearity, (6) drug tolerance, and (7) stability (freeze/thaw and ambient).
Assay cut point
A cut point factor of 2 was used for clinical sample analysis and approximates 2 to 3 standard deviations (SDs) above the mean of NC samples (data not shown). In order to align with industry benchmarks, the screening cut point was statistically derived by targeting a 5% false-positive rate following industry guidelines to minimize potential false-negatives. The serum samples from 20 treatment-naive NHL individual samples and 30 normal human serum samples were analyzed 3 times each over 3 days. The assay cut point was derived from the 95% upper confidence limit after removal of outliers. Because different cut point factors were obtained for the normal human serum and NHL sample populations, the NHL-specific cut point factor was used for clinical sample analysis.
Precision, sensitivity, specificity, stability parameters
In addition to cut point determination, the assay was validated using standard bioanalytical parameters and target acceptance criteria. The assay was evaluated for inter-day and intra-day precision based on %CV < 25 with target acceptance of PC end point log 10 titers from each set of PC (intra-run) and all accepted runs (interrun). Mass-based assay sensitivity was assessed using an affinity-purified Rb anti-G544 antibody and was determined as the antibody concentration that resulted in a signal equal to the plate cut point.
Assay specificity was evaluated by eliminating InO coating of wells. The stability of antibodies in this assay was assessed by ambient and freeze/thaw stability of PCs using controls stored at room temperature for 24 h or after undergoing 3 freeze/thaw cycles; these samples were then compared with freshly prepared reagents.
Screening assay
Inotuzumab ozogamicin was immobilized on a microtiter plate. After blocking, biotinylated InO mixed with controls or diluted serum samples was added to the plate and incubated for 2 h. ADAs bound to both immobilized and biotinylated InO were detected by avidin-horseradish peroxidase (HRP) with 3, 3′, 5, 5′ Fig. 3 Detection of anti-drug neutralizing antibodies during ALL studies. In the presence of inotuzumab ozogamicin, apoptosis of RS4;11 cells results in the reduction of signal. ALL = acute lymphoblastic leukemia tetramethylbenzidine (TMB) enzyme substrate to generate color measured as optical density (OD) values at 450 nm using a SpectraMax L microplate reader. Rabbit anti-G544 and anti-calicheamicin polyclonal antibodies were used as PCs, and pooled normal human serum was used as the NC. The PC and NC were used to monitor assay performance and verify plate acceptability. Each study sample was initially tested in a screening assay at 1:25 and 1:75 dilutions. This bioanalytical method was used to support 2 initial studies of InO as single-agent therapy and in 2 initial studies of InO in combination with rituximab. The method was subsequently revalidated. Upon revalidation, the cut point OD was statistically determined to be 1.48 times the mean of the NC OD value. This bioanalytical method was used to support later NHL studies. Samples with a screening OD value below the cut point OD were considered negative, and results were reported as titer < 1.40 (log of 25, the assay MRD). Samples with a screening OD value greater than or equal to the cut point OD were reassayed in concurrent titer and specificity assays.
Specificity and titer assays
The specificity and titer assays were of the same format as the screening assay, except the specificity plate was coated with buffer rather than with InO. Positive screening samples were reassayed in concurrent specificity and titer assays at 8 dilutions (1:25 followed by serial 1:3 dilutions in diluted pooled normal human serum). The remainder of the specificity assay procedure followed was the same as that for the screening assay. For a sample to be confirmed as specific for InO, the log titer on the specificity plate was required to be < 1.40 (or if ≥ 1.40, the corresponding titer assay result was required to be > 0.48 [log of 3, the serial dilution factor] above the specificity assay titer). Antibody titer was defined as the log 10 of the reciprocal of the dilution at which the sample OD was equal to the cut point OD. Samples were considered positive for InO if they were determined to be specific for InO and had positive log titer values (≥ 1.40).
Enzyme-linked immunosorbent assay−based anti-rituximab antibody assay in support of non-Hodgkin lymphoma studies
An ELISA platform-based bridging assay was developed to detect and titer serum anti-rituximab antibodies. For NHL clinical studies, determination of the presence of anti-rituximab antibodies followed a sequential process that included (1) screening and (2) concurrent titer determination and specificity to confirm positive screen assay results. This bio-analytical method was used to support studies of InO in combination with rituximab and a single study of InO in combination with rituximab plus chemotherapy.
Critical reagents
A goat antihuman IgG antibody was obtained from Zymed Laboratories, Inc. (Thermo Fisher Scientific) and served as the assay PC. Pooled normal human serum served as the NC.
Assay validation parameters
Assay validation included assessment of the following parameters: (1) precision (intra-assay and inter-assay), (2) sensitivity, (3) rituximab and InO drug tolerance, (4) stability (ambient and freeze/thaw), and (5) PC acceptance range.
Assay cut point
A panel of 30 normal human serum samples was tested as part of cut point assessment. A cut point factor of 2 was used for clinical sample analysis. Historically, a cut point factor of 2 was considered to represent approximately 2 to 3 SDs above the mean of NC samples (data not shown).
Precision, sensitivity, specificity, stability parameters
In addition to cut point determination, the assay was validated using standard bioanalytical parameters and target acceptance criteria. The PC acceptance range was based on ±3 SDs around the mean log titer observed in validation. Mass-based assay sensitivity was assessed using a purified goat antihuman IgG antibody and was determined as the antibody concentration that resulted in a signal equal to the plate cut point. The assay sensitivity was calculated by the following formula:
Assay specificity was evaluated by eliminating rituximab coating of wells. The stability of antibodies in this assay was assessed by ambient and freeze/thaw stability of PCs by testing controls stored at room temperature for 24 h or after undergoing 3 freeze/thaw cycles; these samples were then compared with freshly prepared reagents.
Screening assay
Rituximab was immobilized on a microtiter plate. After blocking, biotinylated rituximab and then controls and diluted serum samples were added to the plate and incubated for 2 h. Anti-rituximab antibodies bound to both immobilized and biotinylated rituximab were detected using streptavidin-HRP with a TMB enzyme substrate to generate colorimetric OD values. The cut point OD was defined as twice the mean of the NC OD value. Each study sample was initially tested in a screening assay at 1:25 and 1:75 dilutions. A sample with a screening OD value below the cut point OD was considered negative, and results were reported as titer < 1.40 (log 25).
Specificity and titer assays
Samples with a screening OD value greater than or equal to the cut point OD were reassayed in concurrent titer and specificity assays at 8 dilutions (initially 1:25 and then serial 1:3). The specificity and titer assays were of the same format as the screening assay, except that the specificity plate was coated with buffer rather than rituximab. The specificity assay for anti-rituximab antibodies was carried out in a manner identical to that used for the anti-InO specificity assay. Antibody titer was defined as the log 10 of the reciprocal of the dilution at which the sample OD was equal to the cut point OD. Samples were considered positive for rituximab if they were determined to be specific for rituximab and had positive log titer values (≥ 1.40).
The final protocol and informed consent documentation from each study were reviewed and approved by an investigational review board/independent ethics committee at each study site. Each trial was conducted in compliance with the Declaration of Helsinki and the International Council for Harmonisation Good Clinical Practice guidelines. Patients provided written informed consent.
Results
Due to the route of administration (intravenous), the limited duration of administration, and the immunosuppressive effect of the combined therapy in NHL studies, the potential for induction of immune responses to InO was considered to be low. A standard tiered approach was used to evaluate immunogenicity response in NHL and ALL studies.
The following assays were used throughout the course of InO drug development.
Electrochemiluminescence antibody assay to support acute lymphoblastic leukemia studies
The screen cut point factor (SCPF) and confirmatory/ characterization cut point (CCP) were determined using 50 commercially procured ALL serum samples according to proposed methods (Jani et al., 2015; Shankar et al., 2008) (95% CI for screen cut point [SCP] and 99.9% CI for CCPs for InO, G544, and calicheamicin-BSA). To obtain the SCP for the assay, the NC signal was multiplied by the SCPF of 1.47. Using a competitive binding assay as described in the Methods section, signal decreases of 59% and 13% indicated positive response to InO and G544, respectively. Likewise, signal decreases of 64% indicated a positive response to the calicheamicin portion of the drug. Overall, validation data suggested that the assay was precise, reproducible, and sensitive for sample testing. Drug tolerance data indicated that the assay was capable of detecting the antibodies in the presence of 50 μg/mL of circulating drug. Because ADCs are designed to bind to cell surface receptors, trough circulating drug concentrations are typically low. In this case, mean trough levels were determined to be < 100 ng/mL, which is not expected to interfere with ADA detection at 75-to 750-fold dilution of the surrogate of polyclonal PC. The results of the validation parameters are highlighted in Table 2 .
Cell proliferation neutralizing antibody assay
The neutralizing SCPF was determined using 50 commercially procured ALL serum samples (99.9% CI) based on the scientific practice at the time. To obtain the SCP for the assay, the NC signal was multiplied by the SCPF of 1.24. Assay sensitivity using a polyclonal PC antibody was approximately 580 ng/mL, with drug interference at approximately 1 μg/mL of circulating drug. At trough levels, the detection of PC was approximately 50 ng/mL at an antibody:drug ratio of approximately 1:2. In addition, cell passage stability was observed up to passage 22 without any impact on neutralizing capabilities Table 3 .
Non-Hodgkin lymphoma anti−inotuzumab ozogamicin antibody enzyme-linked immunosorbent assay
An ELISA method used early in development of InO was applied in support of initial NHL studies. In the assay, an arbitrary floating cut point factor of 2.0 was used. The ELISA method used to support later NHL studies used a statistically derived cut point factor of 1.48, which was based on analysis of 20 individual NHL sera and the 95% upper confidence limit. Drug tolerance results indicated that the Rb anti-G544 serum PC antibody titer was impacted by InO concentrations ≥0.01 μg/mL. Based on results from an affinity-purified anti-G544 antibody, relative assay sensitivity was estimated to be 1690 ng/mL in 100% serum when a cut point factor of 2 was used, which improved to 80 ng/mL with a statistically derived cut point of 1.48. Results of validation parameters are summarized in Tables 4 and 5 .
Non-Hodgkin lymphoma anti-rituximab binding antibody enzyme-linked immunosorbent assay
An ELISA method used to evaluate presence of antirituximab antibodies during the early development period of InO was applied in support of NHL studies. In the assay, an arbitrary floating cut point factor of 2.0 was used. Based on performance of the purified goat antihuman IgG PC antibody, the mass-based sensitivity of the assay is estimated to be 0.29 ng/mL in serum. Drug tolerance results indicated that the goat antihuman IgG PC antibody titer was impacted by the presence of rituximab and InO at concentrations ≥ 0.01 μg/mL. As part of the assay validation, the impact of circulating drug on the ability to detect ADA was assessed. The PC was detected in the presence of ≤0.1 μg/mL rituximab and ≤ 10 μg/mL InO. Results of validation parameters are summarized in Table 6 .
Immunogenicity results from acute lymphoblastic leukemia studies
For the early phase 1/2 study, clinical samples from a total of 72 ALL patients were tested for binding antibodies in the ADA assay at a scheduled visit. In the screening assay, 4 of the 72 subjects exhibited preexisting ADAs of low titer, which were not confirmed positive by the confirmatory assay. No antibodies were detected in any of the patients after InO treatment. Overall, no patients tested positive for ADAs before or after treatment with InO during this study (Gorovits et al., 2014) . In the phase 3 pivotal study, anti-InO antibodies were detected in 7 of 164 (4%) ALL patients. Five of the 7 patients had low-titer antibodies at predose that became undetectable during the course of the study. In 6 of these 7 patients, the antibodies were specific for the calicheamicin portion of InO based on the competition with calicheamicin resulting in a diminished assay signal that was not observed with the G544 portion of the molecule. One patient had anti-G544 antibodies with competition results only slightly higher than cut point. One patient with anti-InO antibodies at the end of treatment had a mixed response to calicheamicin and G544. In total, 2 of 164 (1.2%) patients exhibited positive ADAs de novo following treatment with InO. Neutralizing antibodies were not detected in any of the 7 patients (Gorovits et al., 2014) .
Immunogenicity results from non-Hodgkin lymphoma studies
In the NHL studies, the immunogenicity rate was calculated using data from patients who exhibited a positive ADA at any time during the studies regardless of baseline ADA status. Overall, positive ADAs against InO were observed in 27 of 630 (4.3%) patients with relapsed or refractory NHL. No assessment of neutralizing antibodies to InO in serum was performed in these patients because the analytic method was not available at the time these studies were conducted.
In NHL studies of InO administered concomitantly with rituximab, there were 5 patients with positive antirituximab antibody titers in serum; however, all occurred predose, during cycle 1 before InO and rituximab 
Assessment of the impact of immunogenicity induction on pharmacokinetics
The impact of immunogenicity on InO pharmacokinetics (PK) was assessed using post-hoc clearance (CL) derived from the population PK analysis in patients with ALL. A patient was considered to be ADA-negative if they tested negative for anti-InO ADAs anytime during the study, including at predose (baseline), and was considered ADA-positive if they had ≥1 positive ADA at any time during the study. The analysis indicated that immunogenicity status had no effect on CL of InO (Fig. 4) . Because of the limited number of patients testing positive for ADAs, an assessment of efficacy and safety endpoints by ADA status was not performed.
Discussion
Inotuzumab ozogamicin is a member of the ADC modality. InO is composed of 100% human constant regions in both heavy and light chains of the antibody and 100% human framework regions of the variable domains in both heavy and light chains of the antibody. The point mutation (S229P) in the hinge region, intended to stabilize covalent dimerization of the heavy chains, has been included in the sequence of other Pfizer mAbcalicheamicin conjugates, including the formerly licensed product gemtuzumab ozogamicin (Mylotarg®). The calicheamicin moiety of InO contains carbohydrate structures that may react with IgM anti-carbohydrate antibodies present in some patients (Wensel, 2012) . Thus, some patients may have pre-existing antibodies reactive with InO. Evaluating immunogenicity is a critical component of the clinical development of large-molecule biotherapeutics. The development of ADAs may have profound consequences on the PK of a drug, as well as its safety and/ or efficacy (Hoofring et al., 2013; Sauerborn & van Dongen, 2014) . In this bioanalytical analysis for InO, a bridging ECL and a cell-based assay were used to detect ADAs and neutralizing antibodies, respectively, in patients with ALL. ELISA methods were used to detect ADAs to InO and anti-rituximab antibodies in patients with NHL. When InO was coadministered with rituximab, 2 independent anti-InO and anti-rituximab ELISA methods were developed and validated. The ELISA for InO provided adequate sensitivity (200 ng/mL mAb equivalent) with relatively poor drug tolerance; interference from free circulating drug was observed at 100 ng/mL. However, in NHL studies, trough circulating drug levels were < 100 ng/mL, therefore likely not impacting anti-InO antibody detection. In contrast to ELISA, the ECL assay had significantly improved drug tolerance, 500× higher to 50 μg/mL. Electrochemiluminescence bridging assay platforms have successfully been used for other approved ADCs, such as Kadcyla® (Genentech; South San Francisco, CA) (Carrasco-Triguero et al., 2013) . The antibody response measured by the ECL assay in ALL studies was largely reactive to calicheamicin moiety of the InO. This observation was not unexpected because calicheamicin is a naturally occurring compound. Gemtuzumab ozogamicin (Mylotarg®), used in the treatment of acute myelogenous leukemia, was the first monoclonal ADC linking calicheamicin to an mAb and the first FDAapproved ADC. ADAs to the calicheamicin-linker portion of gemtuzumab ozogamicin developed in 2 of 40 patients in a single phase 1 study, whereas no patients (0 of 142) developed ADAs to gemtuzumab ozogamicin in a pooled analysis of phase 2 studies (Wyeth-Ayerst, 2000; Sievers et al., 2001) .
Immunogenicity assays were designed to obtain low false-negatives in anticipation of eliminating falsepositive results by confirmatory assays with the threshold statistically calculated to provide 1% false-positive samples in the assay. Overall, the immunogenicity incidence rate observed in the pivotal ALL study was low (4%).
Antibodies detected against InO using the ECL assay were further characterized for neutralizing activity using an antiproliferative cell-based assay. The assay was validated according to current industry recommendations. The assay reportable sensitivity was 580 ng/mL and drug tolerance of approximately 1 μg/mL. No neutralizing activity was detected in the ADA-positive study samples.
A definitive assessment of the relationship between ADA response and clinical safety or efficacy endpoints could not be established because of the limited number of ADA-positive patients. No noticeable difference was observed in the CL of InO when comparing ADApositive and ADA-negative patients with ALL. This evaluation indirectly confirms the lack of neutralizing activity of ADAs.
It has been well described that antibody detection is highly dependent on the sensitivity and specificity of the assay. Additionally, the detection of antibodies, including neutralizing antibody positivity, in an assay may be influenced by several factors including assay methodology, sample handling, timing of sample collection, concomitant medications, and underlying disease. For these reasons, comparing the incidence of antibodies to InO in the studies described herein with the incidence of antibodies to other products may be misleading. Published data show that the immunogenicity binding antibody rates range from 0% to 30% (Hock et al., 2015) . In addition, CarrascoTriguero reported a 4.3% incidence rate in a phase 3 clinical study of Kadcyla, (ado-trastuzumab emtansine [T-DM1]); however, the neutralizing antibody rate was not published (Carrasco-Triguero et al., 2013) . In light of the published data, the InO ADA incidence rate reported in this study is in line with the rates reported in other studies.
Conclusions
Based on the relatively low perceived immunogenicity risk for this product, the standard recommended approach to ADA testing was used during the clinical studies (Center for Drug Evaluation and Research, US Food and Drug Administration, 2009; Committee for Medicinal Products for Human Use, 2007) . Immunogenicity response to InO was measured using 2 separate bridging platforms in NHL and ALL studies. Samples for immunogenicity assessments were collected based on time points specified in each individual clinical study. During early NHL studies, immunogenicity response was measured using an ELISA platform, which was considered a standard of practice at the time, for the detection of Hoofring et al., 2013; Jani et al., 2015; Shankar et al., 2008) . Similar bridging assay platforms have successfully been used for other approved ADCs (CarrascoTriguero et al., 2013) . The antibody response was also characterized to determine the specificity for binding to the G544 antibody or calicheamicin moieties of InO because each domain may invoke an immunogenicity response (Gorovits et al., 2014) . Additional evaluation of neutralizing activity was conducted using a cell-based assay. In NHL trials, ADAs were detected in patients and neutralizing antibody assays were not yet available.
In the ALL pivotal study, ADAs were detected in patients, but no neutralizing antibodies were detected. Immunogenicity status had no impact on InO PK clearance. The comprehensive strategy allowed detection of immune response to ADC and demonstrated no neutralizing activity to InO.
